N
anostructuring of transition metal sulfides (TMS) has tremendously improved the activity of hydrodesulfurization 1,2 and proton reduction 3, 4 catalytic processes. In addition to an increased exposed surface to volume ratio, nanostructured materials may differ both structurally and electronically from corresponding bulk versions of the materials. 5, 6 For example, detailed mechanistic and theoretical studies have indicated that the edge sites of nanoparticulate MoS 2 have an increased density of catalytically active under-coordinated Mo and S atoms. 7, 8 Therefore, the fabrication of nanostructured TMS with precise surface morphologies and sizes is an important area of research. Current methods to nanostructure TMS include hydrothermal, solvothermal, and templated growth. 9À11 These routes often involve high temperatures, condensed-phase reaction media, and multiple synthetic steps, that may impede the synthesis of nanostructured TMS with well-defined and uniform morphologies and sizes.
12À14
One possible method to construct TMS with precise surface structuring is atomic layer deposition (ALD), a vapor-phase deposition technique capable of yielding high purity, conformal films of inorganic compounds with subnanometer control over film thickness. 15, 16 In contrast to chemical vapor deposition (CVD), a line-of-sight synthesis technique, ALD is characterized by inherently self-limiting synthesis cycles, i.e., complete and irreversible reactions that saturate the surface of the supporting material, even if the support is porous or presents a complex geometry. Because of the sequential and self-limiting nature of the ALD process, films with unique morphologies can be grown in essentially layer-by-layer fashion. 17À19 Thus far, ALD research has largely focused on the growth of metals and oxides, whereas TMS have been less studied, despite the important potential applications for these materials. In particular, cobalt sulfide, which has potential electrochemical, photonic, and catalytic applications, is not among the 16 binary TMS materials grown via ALD in the literature. 20 Of the many crystalline phases of cobalt sulfide (e.g., CoS, CoS 2 , Co 3 S 4 ), Co 9 S 8 is most notable for its use in hydrodesulfurization reactions, 21 hydrogen evolution, 22 oxygen reduction, 23 and as a supercapacitor. 24 Unfortunately, the synthesis of Co 9 S 8 often involves high temperatures (>400°C), and multiple steps. 21, 24 Moreover, it readily oxidizes to form cobalt oxide impurities if syntheses are conducted in environments that are not stringently free of oxygen. 25À27 Well-defined, catalytically active, and high surface area bulk powders and thin films of Co 9 S 8 are therefore laborious to fabricate. Herein, we describe a simple method for growing thin films of Co 9 S 8 via vapor-phase ALD using commercially available precursors; bis(N,N 0 -di-i-propylacetamidinato)-cobalt(II) (Co(amd) 2 ) ( Figure 1 ) and H 2 S. To take advantage of this new route to cobalt sulfide in a catalytic system, we turn to metalÀorganic frameworks (MOFs) as a scaffold. MOFs are crystalline, high surface area, 28 and porous materials composed of inorganic metal clusters or ions and organic linkers that have potential applications in catalysis, 29À31 gas storage and separations, 32À34 and light harvesting. 35 In an effort to generate highly disperse and high surface area catalysts, metals and metal oxides have been successfully incorporated in MOFs via condensed phase routes (e.g., transmetalation 36, 37 or impregnation 38, 39 ) yielding highly active heterogeneous catalysts.
40
Methods to anchor catalytically active TMS to MOFs, however, are generally lacking, presumably due to the instability of many MOFs toward the common sulfur source, H 2 S. 41À43 Current routes to incorporate TMS in MOFs either involve nanoparticle or quantum dot deposition from non-hydrogen sulfide precursors 44, 45 or complete decomposition of the MOF to form TMS carbon composites. 46À48 Recently, we described the installation of zinc(II) and aluminum(III) on the hexa-zirconium(IV)aqua/hydroxo/oxo nodes of the mesoporous MOF, NU-1000 via AIM (ALD in MOFs). 38 We extend this work to sulfides by using the ALD deposition of cobalt sulfide into NU-1000 to form a highly stable cobalt sulfide functionalized MOF, CoS-AIM. To our knowledge, no deposition technique involving the selective incorporation of TMS on the nodes of MOFs with or without using H 2 S as a sulfur source has been reported. In a proof-of-principle type reaction, we tested the ability of the CoS x sites in CoS-AIM to catalyze the condensed-phase hydrogenation of m-nitrobenzene to m-aminobenzene using sodium borohydride. The material was found to display excellent catalytic activity and recyclability.
RESULTS AND DISCUSSION
ALD of Co 9 S 8 Films on Silicon and FTO. Cobalt sulfide films were grown at 130°C on both silicon and fluorinedoped tin oxide (FTO) supports. Alternating doses of Co(amd) 2 and H 2 S were pulsed using the timing sequence of t 1 Àt 2 Àt 3 Àt 4 (all times in s): corresponding to pulse time of Co(amd) 2 , the purge time after the cobalt pulse, the pulse time of H 2 S, and the subsequent purge time after the H 2 S pulse, respectively. The selflimiting nature of Co(amd) 2 /H 2 S reactivity was established by varying the pulse times of the two precursors and measuring the thickness of the films grown on silicon ex situ using optical ellipsometry (Figure 2a,b) . Plateaus in growth occurred at 1 s for Co(amd) 2 and 0.015 s for H 2 S and subsequent tests were conducted with the timing sequence 1À20À0.015À20 s. Growth rates were measured as a function of temperature from 130 to 225°C and were observed to remain constant at ca. 0.4 Å/cyc ( Figure S1 in the Supporting Information), indicating no thermal decomposition of the precursors, as expected for an ALD process. (CVD growth rates usually have a stronger dependence on substrate ARTICLE temperature.) 15 Scanning electron microscopy (SEM) ( Figure 2c ) was used to image a 1000 AB cycle film and its thickness was determined to be ca. 43 nm, which agrees well with the 0.4 Å/cyc growth rate measured via ellipsometry. The crystalline phase of these films was determined to be Co 9 S 8 , based on the X-ray diffraction (XRD) pattern of an as-deposited film consisting of 1000 AB cycles of Co(amd) 2 and H 2 S on silicon (Figure 3a) . Raman spectroscopy ( Figure 3b ) performed on Co 9 S 8 films grown on FTO exhibits sharp peaks at 691, 520, and 481 cm À1 in excellent agreement with other reported Co 9 S 8 materials. 22 The films were further characterized using X-ray photoelectron spectroscopy (XPS) as shown in Figure 4 . Features at 778.3, 779.3, and 782.6 eV are attributed to the cobalt 2p 3/2 peaks, which agree well with literature reported values for Co 9 S 8 . 49, 50 The peak at 162.2 eV most likely corresponds to an unresolved doublet of the 2p shell of S 2À . Films that were purposely exposed to ambient conditions experienced oxidation of both the Co and S species as indicated by the XPS spectra ( Figure S2 ), which showed an appearance of a peak at 166.3 eV corresponding to S 6þ , and a con- Figure S3 ). Atomic Layer Deposition of Cobalt Sulfide in a MetalÀOrganic Framework. After confirming ALD growth behavior of cobalt sulfide with Co(amd) 2 and H 2 S on flat surfaces, we next sought to investigate cobalt sulfide deposition in the MOF NU-1000 with the goal of producing highly dispersed, thereby more catalytically active, cobalt sulfide material. NU-1000, in this case, was selected as the MOF platform due to its excellent chemical and thermal stability as well as its precedented successful elaboration by ALD. NU-1000 is composed of Zr 6 (μ 3 ÀO) 4 (μ 3 ÀOH) 4 (H 2 O) 4 (OH) 4 nodes and tetratopic 1,3,6,8-(p-benzoate)pyrene (H 4 TBAPy) linkers which form large 3.1 nm wide mesoporous hexagonal channels. The channels are addressable via ALD in a similar fashion to the flat surfaces due to reactive terminal hydroxyl and aqua ligands on the Zr 6 nodes that are orientated toward the center of the pores as depicted in Scheme 1. In principle, we can develop nanostructured cobalt sulfide materials with enhanced catalytic performance as compared to bulk counterpart analogues due to site isolation and increased surface area of the deposited material via conducting ALD in NU-1000. 
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We assessed the stability of NU-1000 to H 2 S first by exposing the MOF to a stream of 1% H 2 S at 130°C for 1 h. Powder X-ray diffraction (PXRD) patterns of the pre-and postexposure samples show no discernible change, indicating that NU-1000 remains crystalline ( Figure S4 ). N 2 adsorption-desorption isotherms measured at 77 K of the MOF after H 2 S exposure are essentially identical to that of the parent material ( Figure S5 ), indicating that neither porosity nor internal surface area is diminished. These findings regarding hydrogen sulfide exposure stand in striking contrast to those reported for various other MOFs.
41À43,51 Encouraged by these results, we set out to functionalize NU-1000 with cobalt sulfide via an ALD-like process similar to that of the procedure discussed earlier. One major challenge of AIM is the relatively slow diffusion of the precursors through the material. However, due to the presence of the mesopores in NU-1000, this can be easily addressed by using additional exposure time for the deposition. Therefore, a timing sequence of 1À240À0.015À120 s was used for this process, corresponding to the pulse time of Co(amd) 2 , exposure time of the cobalt precursor, pulse time of H 2 S, and the exposure time of H 2 S, respectively. Each precursor was dosed multiple times before advancing to the second precursor to ensure complete saturation of each reactant under the experimental conditions. To measure the cobalt and sulfur content in the synthesized material, NU-1000 with 1 AB cycle of cobalt sulfide growth (denoted hereafter as CoS-AIM) was digested and analyzed by inductively coupled plasmaÀatomic emission spectroscopy (ICPÀAES) to determine that, on average, 1.2 cobalt and 1.1 sulfur is present on each Zr 6 node. Nitrogen adsorptiondesorption isotherms measured at 77 K (Figure 5a ) indicate a decrease of BrunauerÀEmmettÀTeller (BET) surface area from 2170 to 1650 m 2 /g, which is consistent with our previously reported AIM materials. 38 To assess the uniformity of deposition of Co and S in NU-1000, EDS line-scans were measured across a single crystallite of CoS-AIM and no concentration gradient was observed for either element (Figure 5b,c) . XPS results verify the presence of Co 2þ and S 2À as would be expected for a cobalt sulfide cluster; however, the broadness of the peaks in XPS spectra ( Figure S7 ) imply that the cobalt sulfide is an amorphous phase. Importantly, the PXRD pattern of the CoS-AIM material confirms that the MOF maintains its crystallinity after cobalt sulfide functionalization ( Figure 6 ). To elucidate the chemical nature of the growth sites for the CoS x species, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was used to monitor changes in the OÀH stretching region, as the unreacted Zr 6 nodes are known to consist of both aqua and hydoxo ligands. 52 A sample of CoS-AIM with higher cobalt loading was synthesized in order to more easily observe changes in these stretches upon anchoring CoS x . This sample was prepared by increasing the number of cobalt pulses and the exposure time to 300 s for Co(amd) 2 . ICPÀAES analysis of this sample reveals a Co/Zr 6 ratio of 7.5, which suggests near saturation of the nodes such that all available grafting sites (ÀOH, ÀOH 2 ) should be occupied. Accordingly, the IR spectrum ( Figure S9 ) of this material shows a significant decrease in intensity of the peak at 3674 cm
À1
, assigned to terminal ÀOH groups, as well as a decrease or complete loss of the signals at 2745 and 2551 cm
, which are ascribed to the hydrogen-bonded aqua ligands on the node. 52 These data seem to verify the hypothesis that cobalt sulfide growth occurs initially via reaction with the hydroxide and aqua ligands of the Zr 6 node. Additionally, DFT pore-size distributions ( Figure S10 ) calculated from N 2 isotherms signify a small decrease in pore size from 30 to 27 Å implying growth of cobalt sulfide within the hexagonal channels. Catalysis of Nitroaromatics to Amines Using CoS-AIM. With the CoS-AIM material in hand, we were interested in 
ARTICLE
investigating its catalytic activity for the selective hydrogenation of nitroaromatic compounds to amines, a common test reaction for gauging the effectiveness of metal hydrogenation catalysts (including various cobalt sulfides). 53À55 The reduction of m-nitrophenol to m-aminophenol (Table 1 ) was studied in a 1.0 M, pH 7 tris(hydroxymethyl)aminomethane buffer solution using 1.5 mol % CoS-AIM (based on CoS x ) with sodium borohydride as a hydrogen source. 56 An amorphous CoS x material (Co:S ratio calculated to be 0.87 from ICPÀAES data), used previously to hydrogenate nitroaromatics, was solvothermally synthesized according to a literature procedure to serve as a reference material. 57 Under these conditions, CoS-AIM completely converts m-nitrophenol to m-aminophenol (determined from 1 H NMR spectroscopy after workup) after 15 min. For comparison, under identical catalyst loadings and reaction conditions, the reference material yielded incomplete hydrogenation in addition to the formation of a mixture of undesired products such as azobenzene and azoxybenzene derivatives attributed to slower kinetics as seen in other hydrogenation catalytsts. 54 High catalytic activity in CoS-AIM can be credited to the higher surface area of the MOF (1650 m 2 /g) compared to the reference material (40 m 2 /g), yielding additional active sites in the MOF sample. Films of ALD-grown Co 9 S 8 on silicon were likewise tested for hydrogenation and showed no catalytic activity, presumably due to low number of exposed active sites from the conformal and pinhole-free films. Also examined was a cobalt oxide/hydroxide functionalized version of NU-1000. This material was synthesized similarly to CoS-AIM but with water replacing H 2 S in the B part of the AB AIM cycle. With identical cobalt loading to that in the CoS-AIM experiments, CoO-AIM converted less than ca. 1% of the nitrobenzene after 15 min, underscoring the importance of sulfur (sulfide) in engendering catalytic activity ( Figure S15) .
To assess the recyclability of CoS-AIM, the catalyst was recovered by centrifugation, washed with water and ethanol, and reused for the hydrogenation reaction. Complete conversion of the reactant to m-aminobenzene was observed even after three runs ( Figure S16 ). The PXRD pattern of CoS-AIM after catalysis indicates that the crystallinity of the hybrid MOF material is retained ( Figure 6 ). ICPÀAES analyses show that ratios of cobalt to sulfur and to zirconium are unaffected by the material's use as a catalyst, implying that AIM-installed CoS x does not leach from the MOF. SEMÀEDS line scans show that cobalt and sulfur remain uniformly distributed through the crystallite ( Figure S17 ). These data together suggest that CoS-AIM is a robust and effective heterogeneous hydrogenation catalyst.
CONCLUSIONS
In summary, we have developed a technique to deposit films of cobalt sulfide with subnanometer level precision on silicon and FTO substrates using ALD. This technique was also employed to functionalize the nodes of the MOF NU-1000 with cobalt sulfide (CoS-AIM). Impressively, the CoS x sites in CoS-AIM catalytically hydrogenate m-nitrophenol to m-aminophenol more rapidly than does the cobalt oxide analogue or a CoS x reference material, a testament to the highly dispersed nature of the nanostructured CoS x sites in the CoS-AIM material. These results demonstrate another tool available for post-synthesis modification of MOFs, specifically access to metal sulfides, an underutilized class of catalytic materials in the MOF literature. Owing to the abundance of available transition metal ALD precursors, we believe that the technique described here can be used to incorporate many other nanostructured transition metal sulfide materials in MOFs for potential applications in other catalytic processes such as hydrogen evolution and hydrodesulfurization.
METHODS

Chemicals. Bis(N,N
0 -di-i-propylacetamidinato)cobalt(II) (98%) was purchased from Strem Chemicals, Inc. A solution of 1% H 2 S in N 2 was obtained from Matheson Tri-Gas. ZrOCl 2 3 8H 2 O (98%), benzoic acid (>99.5%), CoCl 2 3 6H 2 O (98%), thiourea (99%), tris(hydroxymethyl)aminomethane (99.8%), NaBH 4 (98%), and 3-nitrophenol (99%) were obtained from Sigma-Aldrich. The chemicals used in the synthesis of H 4 TBAPy were the same as our previous report. Dimethylformamide (DMF, 99.8%) and ethyl acetate (99.5%) were obtained from Macron Fine Chemicals. Acetonitrile-d 3 (99.8%) was purchased from Alfa Aesar. All chemicals were used without further purification.
Co 9 S 8 ALD. Silicon wafers and FTO were cut into ca. 1.5 Â 1.5 cm 2 squares and cleaned by sonicating in a bath of soapy water, deionized water, isopropyl alcohol, and acetone for 15 min each. ALD was carried out on a Savannah 100 ARTICLE (Cambridge Nanotech, Inc.). The cobalt precursor was heated to 120°C, and the silicon and FTO surfaces were heated to 130°C unless noted otherwise. The timing sequence 1À25À0.015À25 s was used for Co(amd) 2 and H 2 S for most studies. Cobalt sulfide materials were characterized using scanning electron microscopy (SEM, SU8030, Hitachi), ellipsometery (J.A. Woollam M2000U), X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo Scientific). The crystal structure was determined using grazingÀ incidence X-ray diffraction (GIXRD, ATX-G, Rigaku) and confocal Raman spectroscopy (TriVista CRS, Princeton Instruments). Preparation of CoS-AIM. NU-1000 was synthesized and activated according to a modified literature procedure. In short, ZrOCl 2 3 8H 2 O (388 mg, 1.20 mmol) and benzoic acid (10.8 g, 88.4 mmol) were added to a 100 mL screw cap jar with 32 mL of DMF. The suspension was dissolved by sonication and subsequently incubated in an 80°C oven for 1 h. After cooling to room temperature, H 4 TBAPy (160 mg, 0.24 mmol) was added and the yellow suspension was sonicated for 20 min, then placed in an 100°C oven for 16 h. Yellow microcrystalline powder was isolated via centrifugation and washed with DMF. The activation procedure was conducted according to the literature protocol. 38 For CoS-AIM, approximately 30 mg of activated NU-1000 was placed in a custom-made ALD powder sample holder. The sample was allowed to equilibrate for 30 min in the ALD sample chamber at 130°C with 15 sccm N 2 flow. The following timing sequence was used for cobalt sulfide deposition: 1À240À0.015À120 s. Cobalt pulses were repeated 60 times and H 2 S was pulsed 40 times to ensure that saturation of each cycle occurred before moving onto the next precursor. CoO-AIM was prepared similarly using deionized H 2 O as the second precursor instead of H 2 S. CoS-AIM with higher loading was prepared using the timing sequence 1À300À0.015À120 s and decreasing the N 2 flow to 5 sccm. Cobalt was pulsed 80 times before moving to 60 H 2 S pulses. Atomic ratios were measured using inductive coupled plasmaÀ atomic emission spectroscopy (ICPÀAES, iCAP 7600, Thermo Scientific) by digesting ca. 1 mg of the MOF in a nitric acid (1 mL) and 30% H 2 O 2 mixture (0.33 mL) followed by microwave irradiation at 150°C for 5 min. N 2 adsorption-desorption isotherms were collected using a Tristar II 3020 (Micromeritics) at 77 K. DFT pore-size distributions were calculated from N 2 isotherms using a carbon slit pore model with an N 2 DFT kernel.
Hydrogenation of m-Nitrophenol. The catalyst (1.5 mol % based on Co content), excess NaBH 4 (200 mg, 5.3 mmol), and m-nitrophenol (20 mg, 0.14 mmol) were added to 8 mL of a 1.0 M, pH 7 tris(hydroxymethyl)aminomethane buffer. Catalytic tests involving Co 9 S 8 films were conducted using a 1 cm 2 square film of 1000 AB cycles (44 nm) Co 9 S 8 deposited on silicon. The reaction mixture was stirred for 15 min and then subsequently centrifuged to isolate the catalyst. The product was extracted using 3 Â 10 mL of ethyl acetate. The organic layers were combined and the solvent was removed by a rotary evaporator. The product was dissolved in CD 3 CN-d 3 for 1 H NMR measurements (Avance III 500 MHz, Bruker). After each catalytic run, the catalyst was recovered by centrifugation and further washed in 8 mL of deionized water (Â3), 8 mL of ethanol (Â3) and dried using a vacuum oven at 60°C.
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